Aim: Ghrelin is involved in regulating the differentiation of mesoderm-derived precursor cells. The aim of this study was to investigate whether ghrelin modulated the differentiation of human embryonic stem (hES) cells into cardiomyocytes and, if so, whether the effect was mediated by growth hormone secretagogue receptor 1α (GHS-R1α). Methods: Cardiomyocyte differentiation from hES cells was performed according to an embryoid body (EB)-based protocol. The cumulative percentage of beating EBs was calculated. The expression of cardiac-specific markers including cardiac troponin I (cTnI) and α-myosin heavy chain (α-MHC) was detected using RT-PCR, real-time PCR and Western blot. The dispersed beating EBs were examined using immunofluorescent staining. Results: The percentage of beating EBs and the expression of cTnI were significantly increased after ghrelin (0.1 and 1 nmol/L) added into the differentiation medium. From 6 to 18 d of differentiation, the increased expression of cTnI and α-MHC by ghrelin (1 nmol/L) was time-dependent, and in line with the alteration of the percentages of beating EBs. Furthermore, the dispersed beating EBs were double-positively immunostained with antibodies against cTnI and α-actinin. However, blockage of GHS-R1α with its specific antagonist D- [lys 3 ]-GHRP-6 (1 μmol/L) did not alter the effects of ghrelin on cardiomyocyte differentiation. Conclusion: Our data show that ghrelin enhances the generation of cardiomyocytes from hES cells, which is not mediated via GHS-R1α.
Introduction
It is well known that human embryonic stem (hES) cells, one of the most promising pluripotent stem cell source for the treatment of many incurable diseases, can differentiate into the majority of cell types including cardiomyocytes [1] [2] [3] . In 2001, Kehat and the colleagues firstly reported a spontaneous embryoid body (EB)-based protocol of hES cell differentiation into cardiomyocytes [2] . In that study, the spontaneously beating areas appeared in only 8.1% of EBs, indicating the efficiency of differentiation was typically low. It is therefore preferable to use specific differentiation agents to elevate the efficiency of cardiomyocyte differentiation from hES cells. To date, however, only a few factors, such as bone morphogenetic proteins (BMPs) [4] [5] [6] , fibroblast growth factors (FGFs) [7] or members of Wnt family [8] , have been shown to enhance cardiomyocyte differentiation from hES cells. Therefore, identifying new cardiogenic factors is absolutely necessary to establish a more efficient cardiomyocyte differentiation protocol of hES cells.
Ghrelin, a 28-amino-acid peptide identified as the first endogenous ligand for the growth hormone secretagogue receptor (GHS-R) [9] , is found mainly in stomach and hypothalamus where it exercises biological activities such as regulating food intake and stimulating the release of growth hormone (GH) [9] [10] [11] [12] . It has been recently reported that ghrelin is also synthesized and secreted by cardiomyocytes [13] and that ghrelin treatment inhibits cell death and apoptosis and promotes cell proliferation in cardiomyocytes [14] . In addition, several studies have shown that ghrelin is involved in regulating the differentiation of mesoderm-derived precursor cells including premyocyte [15, 16] , osteoblast [17] , and preadipocyte [18, 19] either in vivo or in vitro. However, whether ghrelin has a potential role in the differentiation of cardiomyocytes derived from stem Ghrelin promotes differentiation of human embryonic stem cells into cardiomyocytes cells remains to be clarified.
In the present study, we investigated whether ghrelin affected the differentiation of hES cells into cardiomyocytes and, if so, whether GHS-R1α mediated the effect of ghrelin. Our data show for the first time that ghrelin significantly enhances the generation of beating cardiomyocytes from hES cells, which is likely mediated via an unidentified subtype of ghrelin receptor rather than GHS-R1α. Therefore, our study might provide an insight to create an effective strategy for promoting differentiation of hES cells into cardiomyocytes. 3 ]-GHRP-6 (D-lys 3 growth hormone release peptide-6) were purchased from Sigma (St Louis, MO, USA). Basic fibroblast growth factor (bFGF) was purchased from PeproTech (Rocky Hill, NJ, USA). Collagenase B was purchased from Roche (Basel, Switzerland). Human ghrelin was purchased from Phoenix (Burlingame, CA, USA). Paraformaldehyde, phosphate buffered saline (PBS), triton X-100, 4',6-diamidino-2-phenylindole (DAPI) and normal goat serum were purchased from Zhongshan Biotechnology Company (Beijing, China). Rabbit anti-cardiac troponin I (cTnI) antibody and rabbit anti-α-MHC antibody were purchased from Sigma. Mouse anti-Oct4 antibody and mouse anti-α-actinin antibody were obtained from Chemicon (Temecula, CA, USA). Mouse anti-β-actin antibody, tetramethyl rhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit IgG and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG were purchased from Zhongshan Biotechnology Company. IRDye 800CW conjugated goat anti-rabbit IgG and goat anti-mouse IgG were purchased from LI-COR Biosciences (Lincoln, NE, USA). The primers for RT-PCR and real-time RT-PCR were obtained from Beijing Aoke Biotechnology Company (Beijing, China).
Materials and methods

Regents
Culture and differentiation of hES cells
The hES cell line PKU1.1, established by the Reproductive Medical Center of Peking University Third Hospital, was cultured as described previously [20] . Briefly, undifferentiated hES cells were propagated on irradiated mouse embryonic fibroblast (MEF) feeder layers in KnockOut TM DMEM supplemented with 20% (v/v) KnockOut TM SR, 1% (v/v) NEAA, 2 mmol/L L-glutamine, 4 ng/mL bFGF, 0.1 mmol/L β-mercaptoethanol, 50 IU/mL penicillin, and 50 mg/mL streptomycin. The cells were passaged every 5-7 d by incubation in 1 mg/mL collagenase IV.
For differentiation, the hES cells were dispersed into small clumps by incubation with 1 mg/mL dispase and were then transferred to ultra low attachment 6-well plates (Corning, 3 ]-GHRP-6, a specific antagonist of GHS-R1α. The formed EBs were then transferred to and plated on 0.1% gelatin-precoated 96-well plates (Corning) with one EB per well, and cultured for additional 13 d in the same medium which was changed every 2 d. The plates with attached EB cultures were carefully observed under a phase contrast microscope for the appearance of rhythmic beating areas within EBs, which indicated the cardiomyocyte differentiation. The control group was cultured in the aforementioned medium without ghrelin and/or D-[lys 3 ]-GHRP-6 throughout the whole differentiation procedure. The numbers of beating EBs and total EBs were counted, and the cumulative percentages of beating EBs were calculated. Four independent experiments were done in each group and at least 100 EBs were included in each experiment.
Immunofluorescent and cytochemical staining
The hES cells were fixed in 4% (v/v) paraformaldehyde for 20 min at room temperature (RT) and blocked for 30 min at RT with 10% normal goat serum, followed by incubation with mouse anti-Oct4 antibody (1:100) at 4 o C overnight. For immunostaining of differentiated cells, the beating areas within EBs were dissected and dispersed into single cells using 1 mg/mL collagenase B. Dispersed cells were plated on 0.1% gelatinprecoated glass coverslips, cultured for additional 2 d and then immunostained with rabbit anti-cTnI (1:100) and mouse anti-α-actinin (1:200) antibodies. After washing, the cells were incubated with the diluted secondary antibodies, TRITCconjugated goat anti-rabbit IgG or FITC-conjugated goat anti-mouse IgG, at RT for 30 min, followed by washing and stained with DAPI. Images were captured under a fluorescent microscope (Nikon, Kanagawa, Japan) or a confocal laser microscope (Carl Zeiss, Oberkochen, Germany). Negative controls were performed by using corresponding isotype sera to replace the primary antibodies.
For cytochemical staining of alkaline phosphatase, the hES cells were fixed by 4% paraformaldehyde and analysis was determined by cytochemical techniques using 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitrotetrazolium blue chloride (NBT) (Vector Labs, Burlingame, CA, USA) as substrates. Images were captured under a phase contrast microscope (Nikon).
RT-PCR and real-time RT-PCR
Total RNA samples were prepared from undifferentiated hES cells and differentiated EBs with RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Total RNA was reversely transcribed into cDNA using First Strand cDNA Synthesis Kit (Fermentas, Burlington, Ontario, Canada). For analysis of GHS-R1α, reverse transcrip-1241 www.chinaphar.com Yang J et al Acta Pharmacologica Sinica npg tion reactions were conducted by using 1 nmol/L specific antisense primer (5'-CCCAGAAGTCTGAACACTGCCACC-3') [21] . The cDNA was then amplified by PCR using Taq Plus PCR Master Mix (Qiagen) or by real-time PCR with an iQ5 realtime PCR detection system (Bio-Rad, Hercules, CA, USA) as described previously [3, 22] . In real-time RT-PCR analysis, the expression level of each gene at every checkpoint was normalized to the maximal level observed, which was set as 100%. Three tests were performed for each sample at the same time. The primer sequences and PCR conditions used in this study are listed in Table 1 .
Western blot
Cell lysates were extracted from the EBs on d 6, 12, and 18 of differentiation. The proteins were separated by 10% SDS-PAGE, and were electrophoretically transferred to polyvinylidene difluoride membranes. Blots were then done by overnight incubation with rabbit anti-cTnI (1:500), rabbit anti-α-MHC (1:1000) and mouse anti-β-actin (1:5000), followed by a reaction with IRDye 800CW conjugated goat anti-rabbit IgG and goat anti-mouse IgG (1:10 000) for 1 h. Immunocomplexes were visualized with the Odyssey infrared imaging system (LI-COR, Lincoln, NE, USA). 
Statistical analysis
Results
Differentiation of hES cells into beating EBs
The hES cell line PKU1.1 used in this study had undergone 72 passages, and thus the features of the cells were assessed again here. The karyotype analysis showed that these cells maintained their normal diploid female 46 XX karyotype (data not shown). The hES cells were morphologically characterized by flat and compact colony with small cells having a high nucleus/cytoplasm ratio and prominent nucleoli ( Figure  1A ). The expression of Oct4 and alkaline phosphatase was observed in hES cell colony ( Figure 1B-1E) , suggesting that the pluripotent state of hES cells was well maintained in our culture system. After 5-d suspension culture of hES cells with the differentiation medium, mature EBs as shown by the appearance of cystic cavities were observed ( Figure 1F) . The EBs were then plated in adherent culture condition for further differentiation. Within 24 h, the EBs attached to the bottom of the plates and the monolayer cells spread out from the EBs ( Figure 1G ). The three-dimensional beating areas within the attached EBs began to appear in very small proportion of EBs from 1 d after plating (d 6 of differentiation). These beating areas, located in the cell mass but not the monolayer cells, were observed and recorded ( Figure 1H ).
Effects of ghrelin on derivation of beating EBs from hES cells
The cumulative percentages of beating EBs among total EBs increased gradually after plating on adherent culture plates until d 18 of differentiation and then maintained at that level. The percentages of beating EBs on d 18 of differentiation were 12.2% and 18.6% respectively in the groups treated with 0.1 and 1 nmol/L ghrelin, which were markedly higher than 9.5% in the control group (Figure 2A) . On d 12 and 18 of differen- tiation, the percentages of beating EBs were 4.9% and 9.5% respectively in control group, which were markedly increased to 11.1% and 18.6% by treatment with 1 nmol/L ghrelin ( Figure 2B ). These results indicated that ghrelin increased the percentage of beating EBs derived from hES cells in a doseand time-dependent manner.
Effects of ghrelin on the expression of cardiac-specific markers in the differentiated EBs
In RT-PCR analysis, genes encoding cTnI and α-myosin heavy chain (α-MHC), two cardiac structural proteins, were expressed in the EBs on d 18 of differentiation. The mRNA levels of both cTnI and α-MHC were upregulated by 1 nmol/L ghrelin. On the other hand, the pluripotential markers Oct4 and Nanog, which were highly expressed in the undifferentiated hES cells, were markedly reduced in the differentiated EBs ( Figure 3A) . Real-time RT-PCR analysis showed that cTnI mRNA level was significantly upregulated by 0.1 and 1 nmol/L ghrelin ( Figure 3B ). Furthermore, the mRNA levels of cTnI and α-MHC, which were gradually increased from d 6 to d 18 of differentiation in control group, were much higher in the group treated with 1 nmol/L ghrelin on d 12 and 18 of differentiation ( Figure 3C and 3D) . Western blot analysis also showed that the protein levels of cTnI and α-MHC were upregulated by 1 nmol/L ghrelin ( Figure 3E and 3F). It was noteworthy that the time-kinetic effects on the mRNA and protein levels of the cardiac-specific markers were in agreement with that on the percentages of beating EBs ( Figure 2B and 3C-3F). For further identification of cardiomyocyte differentiation, the dispersed cells grown on glass coverslips were assessed by immunofluorescent staining. These cells were doublepositively immunostained with antibodies against both cTnI and α-actinin. Moreover, the alignment of α-actinin staining displayed organized sarcomeric striation pattern ( Figure 3G ). These results indicated that the beating areas within the differentiated EBs consisted of cardiomyocytes.
Effects of GHS-R1α blockage on the cardiomyocyte differentiation of hES cells induced by ghrelin
RT-PCR analysis showed that GHS-R1α mRNA was barely detectable in the undifferentiated hES cells and was gradually increased in the EBs from d 6 to d 18 of differentiation ( Figure 4A) . Therefore, the possible role of GHS-R1α in the cardiomyocyte differentiation was tested by adding its specific antagonist D-[lys 3 ]-GHRP-6. On d 18 of differentiation, the promoting effects of 1 nmol/L ghrelin on the percentage of beating EBs and the mRNA expression of cTnI were not blocked by 1 μmol/L D-[lys 3 ]-GHRP-6 ( Figure 4B and 4C) , indicating that the induction of cardiomyocyte differentiation of hES cells caused by ghrelin was not mediated via GHS-R1α.
Discussion
Ghrelin is a newly identified gut-brain peptide and has been demonstrated to have a wide range of functions including stimulation of GH release, control of energy metabolism and regulation of pancreatic hormone release [9, 11, 12, 23] . Recently, it has been demonstrated that ghrelin also has a cardioprotective activity via several mechanisms. Ghrelin inhibited apoptosis induced by high glucose and high free fatty acid in isolated mouse and rat cardiomyocytes [14] . In pressureoverload chronic heart failure rats, left ventricular remodeling and dysfunction were improved by treatment with ghrelin [24] . A pilot clinical study also showed that treatment with ghrelin improved left ventricular function and exercise capacity in the patients with severe chronic heart failure [25] . However, little is known about the role of ghrelin in the heart development during embryogenesis or in the differentiation of cardiomyocytes from stem cells.
The EB-based differentiation strategy, which imitates the early development of embryo, is a basic method to initiate cardiomyocyte differentiation of hES cells [2] . The role of ghrelin in cardiomyogenesis was investigated on the basis of this strategy in the present study. Our data showed that the percentage of beating EBs and the expression of cardiac-specific markers cTnI and α-MHC in the differentiated EBs were increased by treatment with ghrelin. These results suggested that ghrelin was a potent differentiation-promoting factor for hES cell-derived cardiomyocytes.
Numerous studies have shown that ghrelin directly regulates the differentiation of several mesoderm-derived precursor cells. Ghrelin promoted proliferation and differentiation in osteoblastic cell lines and cultured primary osteoblasts in vitro [17] . An in vivo study showed that administration of ghrelin stimulated osteogenesis of intramembranous bone and improved the repair of calvarial bone defect in rats [26] . Ghrelin was shown to promote differentiation of isolated rat primary preadipocytes. In GH-deficient dwarf (dw/dw) rats, the infusion of ghrelin induced adipogenesis in bone marrow by a direct action [19] . Ghrelin also increased the differentiation of premyocytes into myocytes in a mouse premyocyte cell line C2C12 [16] . Taken together, all the results suggest that ghrelin is a differentiation-regulating factor for mesoderm-derived tissue cells.
To elucidate whether ghrelin is involved in derivation of cardiomyocyte which is also derived from mesoderm, the cardiomyocyte differentiation of hES cells was used in the present However, an efficient in vitro cardiomyocyte differentiation protocol must be established before hES cells could be clinically available in treating heart diseases. Up to now, only a few factors have been demonstrated to have a role in promoting cardiomyocyte differentiation from hES cells. In 2006, a study reported that the expression of cardiac-specific markers including cTnI and α-MHC was promoted by the combination of BMP-4 and activin A in the N2/B27-chemically defined medium used in hES cell differentiation [4] . However, the ratio of beating EBs was not analyzed in that study. Another study assessed cardiomyocyte differentiation from two hES cell lines in low FBS-containing medium in the presence of BMP-2, in which the cumulative percentages of beating EBs were only 8.75% and 6.94% respectively by d 28 of differentiation [6] . In our study, both real-time RT-PCR and Western blot analyses revealed that the expression of cTnI and α-MHC in the ghrelin-treated group was markedly higher than that in control group. Furthermore, our data showed that the percentages of beating EBs on d 12 and 18 of differentiation were 4.9% and 9.5% respectively in control group, which were increased to 11.1% and 18.6% by treatment with 1 nmol/L ghrelin. It was worth noting that the increment in the percentages of beating EBs was in accordance with the alteration in the expression GHS-R1α is the functional ghrelin receptor and ghrelin exerts its biological functions via activation of the receptor subtype [9] . In the present study, GHS-R1α was expressed in the differentiated EBs. However, GHS-R1α blockage by D-[lys 3 ]-GHRP-6 did not alter the promoting effects of ghrelin on the percentage of beating EBs and the expression of cTnI, suggesting that the induction of cardiomyocyte differentiation of hES cells resulted from ghrelin stimulation was likely mediated via an unidentified subtype of ghrelin receptor rather than GHS-R1α. Moreover, our preliminary study showed that mitogenactivated protein kinase (MAPK) pathway was involved in the action of ghrelin (data not shown). Clearly, additional studies are needed to investigate the role of the MAPK signaling in the cardiomyocyte differentiation induced by ghrelin.
In conclusion, the present study show for the first time that ghrelin significantly enhances the generation of beating EBs and the expression of cardiac-specific markers in the differentiated EBs generated from hES cells, indicating that ghrelin promotes the differentiation of hES cells into myocardial cells. Therefore, ghrelin may serve as a useful factor for an effective method in the induction of cardiomyocyte differentiation from hES cells, which may contribute to cardiomyocyte-based regenerative medicine. 
